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ABSTRACT 
a 
Code V, 
lens for 
an optical design program, was used to design 
a three-dimensional mapping application. The 
purpose of the lens system is 
of light onto the object of 
to project an array of spots 
interest. The size of the 
projected spots can be used to determine the distance from 
the the lens to the object. The design criterion for this 
system was a 2% accuracy of position with a two lens 
system. The use of anamorphic 
also investigated as a means 
performance. 
and aspheric 
to improve 
surfaces was 
the design 
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INTRODUCTION 
The goal behind this research project is to use Code v 
to design a structured light projection system that could 
be used as part of a three dimensional mapping device. The 
idea is to project a matrix of light dots onto the surface 
under investigation. The size and possibly the shape of 
individual dots could then be used to determine the 
distance to that particular point. With a large number of 
these dots projected onto the surface one could process the 
data to obtain a three-dimensional map of this surface. 
The first step will be 
system to project spots of 
optimized such that the spot 
to design a 
light. The 
simple one lens 
system will be 
size is uniform as the field 
angle varies over the field of interest. Once the initial 
system is complete, a second lens will be introduced to 
produce astigmatism (anamorphic system). The astigmatism 
will be tailored to produce a horizontally elongated spot 
inside of focus and a vertically elongated spot outside of 
focus. This would allow a light dot inside of focus to be 
distinguished from a light dot outside of focus. 
HISTORY OF STRUCTURED LIGHT 
Structured light 
nique that involves 
between the source, 
can be defined as any method or tech-
a modification of the light path 
object, and camera. This includes 
filtering, polarizing, lensing, aperturing methods, and 
light placement at appropriate angles of incidence. 
Some of the light structures used to obtain a three-
dimensional image of an object are listed below. 
1) Single point of light 
2) Grid of light points 
3) Single stripe of light 
4) Multiple vertical or horizontal stripes 
These methods can be used individually or combinations of 
the four can be used. 
A common use of structured light for three-dimensional 
vision is optical triangulation with a single light dot. A 
spot of laser light is focused onto the surface of 
interest. The image of the light spot is taken at some 
angle A. The image is then transferred to a computer where 
a position calculation can be made. See Figure 1 for a 
diagram of the triangulation principle (Silvaggi 1986). 
A similar method for producing a range map is to pro-
ject a stripe of light instead of a single dot. The image 
2 
Range of ob-
ject distances. 
A 
3 
Laser 
Figure 1. The Basic Principal of Triangulation Using 
a Single Light Dot. 
Image 
Plane 
4 
of the line is taken at some angle A. The line takes on 
the two-dimensional outline of the object as shown in 
Figure 2. 
When only a single dot or single line are projected the 
object must be scanned. This scanning requires moving 
parts and a relatively large amount of time. A structured 
light system which produces a grid to cover the entire area 
of interest would allow for a savings of time and money. 
A relatively new device called a fiber optic grating or 
Machida device, produces multiple beams of uniform 
intensity. When a laser beam passes through the grating a 
large number of beams are produced over a wide angle. 
These projected light dots have uniform size over a large 
range of projection distances. The fiber optic grating acts 
like an array of microcylindrical lenses. A fiber grating 
with a single cylindrical lens can be used to produce a 
mu 1 t i p 1 e s t r i p e d , s t r u c tu red 1 i g ht p r o j e c t i on sys t em . Two 
fiber gratings perpendicular produce a two-dimensional 
array of spots. Similar triangulation methods to the ones 
used in the single light dot and single stripe could be 
used here to obtain a three-dimensional map. The design 
criteria for the structured light system of this paper 
require a relatively large spot size variation over the 
range of projection distances. 
optic grating cannot be used. 
Because of this, the fiber 
5 
SLIT 
PROJECTOR 
OBJECT 
Figure 2. How a Single Line of Projected Light Can be 
Used for Triangulation. 
VIEWING 
OPTICS 
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While the triangulation method is not the only proce-
dure, it is a common procedure for three-dimensional map-
ping. The structured light method described in this paper 
does not depend on spot position, 
on the size of the light spot 
as in triangulation, but 
projected. This method 
projects a grid of light dots over the entire area being 
mapped, thus the collecting optics could in effect take a 
snapshot of the object. This would be very advantageous 
for changing or moving objects. Since spot shape is 
important all surfaces being mapped must be parallel to 
each other, and perpendicular to the direction of the light 
propagation. 
CODE V BACKGROUND 
Code V is an optical design program which runs on the 
Vax. Code V is very versatile and can be used to design 
everything from a photographic lens to a holographic head-
up display. The three main options used in the design of 
this optical system were the Lens Data Manager, Automatic 
Design, and Image Evaluation. 
Lens Data Manager 
The lens data manager gives the user a simple means of 
inputting and modifying an optical system. Figure 3 on the 
following page is an example of the lens data screen that 
one would see when using Code V. Radius, thickness, and 
glass type are input for each surface. Parameters which 
are allowed to vary during the optimization have a small v 
following the data. Figure 4 shows the lens created from 
the example data in Figure 3. 
Automatic Design 
After inputting a system into the lens data manager, 
the automatic design portion of Code V can be invoked. By 
allowing such parameters as surface curvature and lens 
thickness to be variables, one can let Code V optimize the 
performance of the system. Before optimization begins, the 
7 
8 
Example Lens Data Code V 
Surt Type Radius 
OBJ INFINITY 
STO 100.0000 
2 -100.0000 
3 INFINITY 
IMG INFINITY 
Effective focal length 
Back focal length 
Front focal length 
F/nurrner 
Semi-field angle 
Image distance 
Overall length 
v 
Thickness Glass Aper1ure 
INFINITY 
6.00000 BK? 
4.00000 SF2 
280.000 s 
0.00000 
Entrance pupil diameter 
Entrance pupil distance 
Exit pupil diameter 
Exit pupil distance 
Paraxial image height 
Paraxial image distance 
Lens in mm. - Ref. length 
Figure 3 The Code V Lens Data Screen with Example 
Data. 
R2 
._ R3 
SF2 
R1=100.0mm 
R2=-100.0mm 
R3=1NFINITY 
T1=6.0mm 
T2=4.0mm 
Dec 
IMAGE DISTANCE=280.0mm 
Figure 4. Lens Created from the Sample Data of 
Figure 3. 
9 
variables must be given as mentioned above and then the 
parameters which are to remain fixed must be decided. 
Typically, a parameter like focal length will be fixed. 
Optimization of the system is then performed using a 
merit function. The merit function contains information as 
to which parameters are to be minimized, maximized, fixed, 
and so on. The merit function can be user-defined or the 
default merit function can be used. Requesting that 
astigmatism be minimized would be an example of a user-
defined modification. The default merit function minimizes 
spot size, giving the on-axis image more importance than 
the off-axis image. 
Image Evaluation 
Some of the more useful system design and image evalu-
ation tools are the ray aberration plot, field aberration 
plot, spot diagram, and radial energy distribution. In 
this particular application image quality was not impor-
tant, but spot size and its variation as field of view and 
focus position varied were very important. Thus, the main 
two image evaluation tools that were used were the spot 
diagrams and the radial energy distribution. The spot 
diagram plots ray intercepts at the particular surface of 
interest and the radial energy distribution gives percent-
age of energy encircled by a circle of a given diameter 
centered on the spot. 
DESIGN CRITERIA 
Spherical System 
The following are the design criteria for the spherical 
system (use Figure 5 as a reference): 
1) Two lenses with spherical or cylindrical surfaces. 
2) The spot size produced by the system should vary 
inversely with distance from minimum object range 
to the focal plane and directly with distance 
after the focal plane. 
3) Resolution of the system should be to within 
plus or minus 2.0 centimeters (object range can 
be determined to within 2.0 centimeters). 
4) Total area mapped should be greater than 150 
square centimeters. 
5) Mapping density should be greater than one data 
point per 2 square centimeters of object. 
Anamorphic System 
The anamorphic system will have similar criteria to 
that of the spherical system with the following single 
criterion added. 
1) The spot shape will indicate if the point of 
interest on the object is located before or after 
the focal plane. 
10 
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Figure 5. Simplified System Layout. 
SPHERICAL DESIGN IMPLEMENTATION 
The criteria for the design states that the number of 
lens should be limited to two and the types of lens should 
be limited to spherical and cylindrical. Keeping the 
design criteria in mind, the first step was to get a rough 
idea of the desired image and object distance. To keep the 
projection system of reasonable size, a mask to lens 
distance of 5 to 10 centimeters and a projection distance 
(lens to object) of around 100 centimeters was decided. 
With a general idea of the object and image distance 
desired, a focal length of 6.5 centimeters was established 
for the projection system. 
Aberration Considerations 
From an aberration point of view a lens shape must be 
chosen. As stated earlier, image quality is not important 
but spot size variation with field is significant. There-
fore, more critical than minimizing aberrations is having 
uniform aberration of the entire field of interest. To 
have uniform aberration over the entire field of interest 
the aberrations that depend on field must be minimized. 
In Table 1 is a list of some of the aberrations that 
depend on field and how they depend on field. 
12 
13 
TABLE 1 
DEPENDENCE OF ABERRATIONS ON FIELD 
ABERRATION DEPENDENCE ON FIELD 
COMA X 
ASTIGMATISM x2 
DISTORTION x 3 
LATERAL CHROMATIC X 
Since the projection light source is monochromatic the 
lateral chromatic aberration is not a factor. 
The chief ray is the ray which passes through the cen-
ter of the aperture stop. By placing the aperture stop 
near the center of curvature a chief ray can be considered 
to be the optical axis from any field of view. This 
arrangement 
These are 
information 
minimizes coma, 
all dependent on 
in hand, a good 
distortion, and 
field. With 
choice for the 
astigmatism. 
the preceding 
general lens 
shape is a meniscus lens with. The meniscus lens shape 
allows for the stop to be placed near to both surfaces 
center of curvature, thus minimizing the off-axis 
aberrations. 
14 
Designing With Code V 
To get Code V started it must give an approximate 
starting point in terms of radii and thicknesses. We can 
use the following thin lens equation to obtain our starting 
parameters. 
f - focal length 
n - index of refraction 
rj- radius of surface j 
(l/f) = (n-1)[ (l/r 1 )-(l/r 2 )] 
By picking or knowing three of the variables the fourth one 
can then be solved. Letting f=6.5cm, n=l.5, and r 2 =5cm, 
then a value of 1.97 centimeters is obtained for r 1 . 
Having some of the approximate parameters this data can be 
input into Code V's lens data manager. 
parameters for the initial lens design. 
TABLE 2 
INITIAL LENS DESIGN 
SURFACE TYPE RADIUS THICKNESS GLASS 
OBJ INFINITY 
Below are the 
APERTURE 
1 
2 
2.000000 
5.000000 
7.5000000 
0.2000000 
2.0000000 
100.00000 
0.0000000 
BK7-SCHOTT 1.2608 
STO 
IMG 
INFINITY 
INFINITY 
1.1024 
0.6966 
15 
The next step is to optimize this system for our spe-
cific purpose. Since Code V's merit function gives more 
weight to an on axis image it is necessary to modify it. 
The WTF command was used to assign equal weight to all 
field positions. This tells Code V to optimize for equal 
spot size for all fields of view. Code V optimizes to a 
minimum spot size by default, so no other changes were 
required to the merit function. Requiring the effective 
focal length to remain fixed at 6. 5 centimeters was the 
only constraint set. 
During optimization surface curvatures, lens thickness, 
stop position, object distance, and image distance were 
free to vary. After several optimization runs, with 
different parameters free to vary among the runs, the fol-
lowing design was obtained. 
TABLE 3 
SPHERICAL LENS SYSTEM 
SURFACE TYPE RADIUS THICKNESS GLASS APERTURE 
OBJ 
1 
2 
STO 
IMG 
INFINITY 
2.093960 
5.000000 
INFINITY 
7.1500000 
0.6277818 
1.2954449 
118.08640 
INFINITY -38.100000 
BK7-SCHOTT 1.2608 
1.1024 
0.6966 
16 
During the course of this lens design, several differ-
ent lens shapes were investigated. Some of the lens shapes 
that were tried were the double convex, plane convex, two 
meniscus symmetrical around the aperture stop, and so on. 
Of these general shapes, the meniscus seemed to be superior 
and thus was the focus of concentration. 
SPHERICAL DESIGN EVALUATION 
Spot Size Evaluation 
One of the most important evaluations is how the spot 
size varies as a function of distance from the object to 
the projection system. The RAD command was used in Code v 
to give the spot diameter when 85 percent of the energy is 
encircled. Table 4 gives spot size at various distances 
from the system for 0 degrees, 2 degrees, 4 degrees, and 6 
degrees of field. Figure 6 gives a graphical 
representation of the data in Table 4. The actual spot 
diagrams produced by Code v can be seen in figures 7, 8, 9, 
and 10. 
Knowing that most of the off-axis aberrations have 
been minimized, it is necessary to explain the spot shape 
variation in terms of other aberrations. As can be seen 
from the preceding spot diagrams, spots inside of focus 
have a tight core with no flare. Spots outside of focus 
have a large amount of flare. These conditions can be 
explained if we examine spherical aberration. 
17 
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TABLE 4 
SPHERICAL SYSTEM 
SPOT SIZE FOR GIVEN DISTANCE FROM THE SYSTEM 
DISTANCE(cm) SPOT SIZE(cm) 
0 DEG 2 DEG 4 DEG 6 DEG 
50 .224 .229 .218 .213 
60 .161 .161 .154 .148 
70 .112 .110 .104 .097 
80 .073 .072 .070 .073 
90 .112 .118 .134 .156 
100 .207 .203 .220 .244 
110 .293 .288 .292 .334 
120 .379 .376 .377 .423 
130 .464 .462 .462 .493 
140 .550 .546 .545 .580 
150 .635 .631 .627 .665 
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lJ) 
CJ 
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0 
0 
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PROJECTION OISTANCE(CMJ 
Figure 6. Spot Size Versus Projection Distance for 
the Spherical System. 
160.0 
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SPOT DIAGRAM 
6 DEG 
-
4 DEG 
-
2 DEG 
0 DEG_ 
SCALE=3X(ACTUAL SIZE) 
Figure 7. Spot Diagram Produced by Code V 50 Centi-
meters from the Spherical System. 
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SPOT DIAGRAM 
6 DEG 
-
• 
4 DEG_ 
' 
2 DEG I 
0 DEG_ 
• 
SCALE=3X(ACTUAL SIZE) 
Figure 8. Spot Diagram Produced by Code V 70 Centi-
meters from the Spherical System. 
6 DEG 
-
4 DEG_ 
2 DEG 
0 DEG_ 
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SPOT DIAGRAM 
·~ 
-~ .. \e-' 
SCALE=3X(ACTUAL SIZE) 
Figure 9. Spot Diagram Produced by Code V 90 Centi-
meters from the Spherical System. 
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SPOT DIAGRAM 
6 DEG_ :: ...... -·.·.'. ·>~1~~(,( 
4 DEG 
-
2 DEG 
._, 
0 DEG_ !}~~\~: 
SCALE=3X(ACTUAL SIZE) 
Figure 10. Spot Diagram Produced by Code V 110 Centi-
meters from the Spherical System. 
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Spherical aberration is the variation of focus as a 
function of aperture. Figure 11 is a diagram of spherical 
aberration. Figure 12 illustrates why there is a tight 
core inside of focus and Figure 13 shows how the rays near 
the edge of the lens tend to flare after passing through 
the focal plane. 
Sensitivity Analysis 
The sensitivity of the system depends on the object 
distance and object area. The combination of distance and 
area determines the projection field required. 
The sensitivity of the system can be found if we com-
pare the variation in spot size at a particular distance to 
the slope of the spot size versus distance graph (Figure 
6). Let Del ta S equal the variation in spot size for a 
given distance. Then, 
Sensitivity= (Delta S)/((2)(slope)) 
Table 5 gives the sensitivity of the spherical system at 10 
centimeter intervals. These sensitivity calculations do 
not take into consideration the errors induced by the 
system used to detect the spot size. 
25 
Paraxial Image Distance 
f Transverse Spherical 
Longitudinal Spherical 
Figure 11. Illustration of Spherical Aberration. 
Tight core with 
/no flare . 
• 
Figure 12. Spot Produced Inside of Focus with 
Spherical Aberration Present. 
Figure 13. 
Flare 
Spot Produced outside of Focus with 
Spherical Aberration Present. 
Core 
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TABLE 5 
VARIATION IN SENSITIVITY OF THE SPHERICAL 
SYSTEM WITH FIELD AT 10 CENTIMETER INTERVALS 
DISTANCE FROM VARIATION IN SENSITIVITY(+/-cm) 
LENS SYSTEM( cm) 0-4 DEG 0-6 DEG 
50 0.6 0.8 
60 0. 4 0.7 
70 0. 4 0.8 
80 *** *** 
90 1. 0 2.2 
100 1. 0 2. 4 
110 0. 3 2.6 
120 0. 1 2.8 
130 0. 1 1.8 
140 0. 3 2.0 
150 0.4 2.2 
ANAMORPHIC DESIGN IMPLEMENTATION 
Using the completed spherical system as a starting 
point, an anamorphic system can be produced. With the 
introduction of a cylindrical lens the focal length on the 
X axis can be made different from the focal length on the y 
axis. This can be used to create a horizontal ellipse 
inside of focus and a vertical ellipse outside of focus. 
Spherical aberration is proportional to the size of the 
aperture. To minimize the spherical aberration induced by 
the cylindrical lens it was placed near the aperture stop. 
This position allows for the cylindrical lens to have the 
smallest aperture. Table 6 gives the anamorphic system 
data with surface 4 being the cylindrical surface. Figure 
14 illustrates the final anamorphic system design. 
27 
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TABLE 6 
ANAMORPHIC LENS SYSTEM 
SURFACE TYPE RADIUS THICKNESS GLASS APERTURE 
OBJECT INFINITY 7.1500000 
1 2 .. 09396 0.6277818 BK7-SCHOTT 1.2608 
2 5.000000 1.2954449 1.1024 
STOP INFINITY 0.0100000 0.6966 
4 CYL R 300.0000 y 
RXINFINITY 0.2000000 BK7-SCHOTT 0.7020 
5 INFINITY 118.08640 0.7356 
IMAGE INFINITY -38.100000 
R=2.09cm R=5.0cm R=300cm 
Mask Meniscus 
Lens 
R=2.09cm R=5.0cm R=lnfinity 
Mask Meniscus 
Lens 
29 
Cylindrical 
Lens 
Cylindrical 
Lens 
y 
Figure 14. Representation of the Final Anamorphic 
Lens Design. 
Object 
Object 
ANAMORPHIC DESIGN EVALUATION 
Spot Size Evaluation 
The anamorphic system has a slightly different focal 
length in the YZ plane than it does in the xz plane. 
Tables 7 and 8 provide the spot size versus distance data 
for both the YZ and XZ planes. The spot sizes are given 
for 0 degrees, 2 degrees, 4 degrees, and 6 degrees similar 
to that of the spherical plots. The spot size versus dis-
tance data was then plotted in Figure 15. Following the 
spot size data are Figures 16, 17, 18, and 19 which are the 
spot diagrams created by the anamorphic system. 
Sensitivity Analysis 
The sensitivity calculations for the anamorphic system 
are similar to that of the spherical system. Delta S equals 
the variation in spot size and Figure 15 was used to obtain 
the slope calculation. Then, 
Sensitivity= (Delta S)/((2)(slope)) 
See Table 9 for a compilation of the sensitivity data for 
the anamorphic system. 
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TABLE 7 
ANAMORPHIC SYSTEM (Y AXIS) 
SPOT SIZE FOR GIVEN DISTANCE FROM THE SYSTEM 
DISTANCE( cm) SPOT SIZE(cm) 
0 DEG 2 DEG 4 DEG 6 DEG 
50 .211 .210 .202 .191 
60 .148 .145 .137 .125 
70 .096 .094 .089 .080 
80 .084 .085 .094 .106 
90 .171 .169 .180 .199 
100 .260 .261 .270 .288 
110 .349 .353 .383 
120 .438 .444 .448 .478 
130 .527 .534 .541 .573 
140 .610 .623 .635 .667 
150 .706 .713 .729 .763 
32 
TABLE 8 
ANAMORPHIC SYSTEM (X AXIS) 
SPOT SIZE FOR GIVEN DISTANCE FROM THE SYSTEM 
DISTANCE( cm) 
0 DEG 
50 .211 
60 .148 
70 .096 
80 .084 
90 .168 
100 .257 
110 .347 
120 .434 
130 .527 
140 .616 
150 .703 
SPOT SIZE(cm) 
2 DEG 4 DEG 
.207 
. 14 5 
.095 
.090 
.173 
.267 
.355 
.441 
.528 
.619 
.709 
.206 
.143 
.091 
.110 
.196 
.287 
.380 
.469 
.563 
.647 
.733 
6 DEG 
.196 
.138 
.092 
.127 
.216 
.306 
.396 
.493 
.580 
.676 
.776 
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SPOT DIAGRAM 
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Figure 16. Spot Diagram Produced by Code V 50 Centi-
meters from the Anamorphic System. 
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SPOT DIAGRAM 
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Figure 17. Spot Diagram Produced by Code V 70 Centi-
meters from the Anamorphic System. 
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Figure 18. Spot Diagrain Produced by Code V 90 Centi-
meters from the Anainorphic System. 
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Figure 19~ Spot Diagram Produced by Code V 110 Centi-
meters from the Anamorphic System. 
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TABLE 9 
VARIATION IN SENSITIVITY OF THE ANAMORPHIC 
SYSTEM WITH FIELD AT 10 CENTIMETER INTERVALS 
DISTANCE FROM VARIATION IN SENSITIVITY(+/-cm) 
LENS SYSTEM(cm) 0-4 DEG 0-6 DEG 
50 0.5 1.5 
60 0.5 1.0 
70 0.5 0. 5 
80 *** *** 
90 1. 5 2.6 
100 2.2 2.7 
110 1.8 2.7 
120 1.9 3. 3 
130 2. 0 3. 4 
140 1.7 3. 3 
150 1. 7 4. 1 
CONCLUSION 
There were three main criteria to be met by the spher-
ical and anamorphic system. The first was that the object 
range should be determined to within +/- 2 centimeters. 
Next, the area mapped should be greater than 150 square 
centimeters. Lastly, the mapping density should be greater 
than one data point per 2 square centimeters. The 
additional criterion added to the anamorphic system was 
that the shape of the spot of light will indicate if it is 
being projected to a point before or aft~r the focal plane. 
A mapping density of near one data point per square 
centimeter has been achieved for both systems. Therefore, 
the mapping density criterion has been met for the spheri-
cal and anamorphic systems. 
The total area mapped depends on the projection dis-
tance and the projection field. The smaller the projection 
distance gets, the larger the field of view must get to map 
the same area. At a projection distance of 50 centimeters 
and a field of 6 degrees the area mapped is about 90 square 
centimeters. For 4 degrees of field about 350 square 
centimeters are mapped at a projection distance of 150 
centimeters. This meets the criterion for a large portion 
of the projection range. With a small increase in field 
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for the shorter projection distances, the criterion could 
be met over the entire projection range. 
The spherical system meets the sensitivity criterion 
for all projection distances at 4 degrees of field. As we 
increase the field to 6 degrees the sensitivity becomes 
worse than +/- 2 centimeters for the range of object dis-
tances from 90 to 120 centimeters. 
For 4 degrees of field the anamorphic system has a 
worse case sensitivity of +/- 2.2 centimeters. At 6 
degrees of field the +/- 2 centimeter criterion is not met 
at projection distances of more than 90 centimeters. As 
can be seen from the anamorphic spot diagrams, the spots 
inside of focus are slightly horizontally elliptical and 
outside of focus are vertical ellipses. 
The major problem for both systems is the lack of sen-
This sitivity at larger fields of view. 
variation in spot size and shape with 
is caused by a 
aberration is the major 
size and shape as we go 
reason for 
off axis 
this 
(see 
field. Spherical 
variation in spot 
Figure 2 0) • The 
introduction of aspheric surfaces could be used to minimize 
the spherical aberration and thus increase the sensitivity 
of both systems. 
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Spot Produced 
---·-----
Part A. On axis spherical aberration. 
Spot Produced 
Part B. Off axis spherical aberration 
Figure 20. Illustration of Off Axis Spherical Aberration 
and its Effects on Spot Size and Shape. 
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